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Abstract Using atomic force microscopy (AFM) in aqueous 
solution, we show that the surface structure of the oligomeric 
GroES can be obtained up to 10 A resolution. The seven subunits 
of the heptamer were well resolved without image averaging. The 
overall dimension of the GroES heptamer was 8.4+0.4 nm in 
diameter and 3.0+0.3 nm high. However, the AFM images 
further suggest hat there is a central protrusion of 0.8+0.2 nm 
high and 4.5+0.4 nm in diameter on one side of GroES which 
displays a profound seven-fold symmetry. It was found that 
GroEL could not bind to the adsorbed GroES in the presence of 
AMP-PNP and Mg 2+, suggesting that the side of GroES with 
the central protrusion faces away from the GroEL lumen, 
because only one side of GroES was observed under these 
conditions. Based on the results from both electron and atomic 
force microscopy, a surface model for the GroES is proposed. 
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subunits were not discernible [18]. Because of the variable 
conformations observed by EM, it was even suggested that 
GroES could have a flexible structure or a symmetry other 
than the seven-fold [18]. Since the atomic force microscopy 
(AFM)  has been shown to be capable of obtaining high re- 
solution surface structures of several oligomeric bacterial pro- 
teins (for recent reviews, see [24-26]), we have applied this 
method to determine the surface structure of GroES under 
aqueous solutions. We show that the subunit structure can 
be clearly resolved in the AFM images without image proces- 
sing/averaging. Surface structures beyond the subunits were 
also resolved, demonstrat ing a surface resolution of 10 A or 
so, which is much higher than that from EM images. In com- 
binat ion with the results from EM, a model for the GroES is 
also proposed. 
2. Materials and methods 
1. Introduction 
Escherichia coli GroES, a heat shock protein, is a member 
of the chaperonin 10 (cpn 10) family, and is encoded for by a 
common operon with another chaperonin GroEL  [1,2]. Both 
GroEL  and GroES have been extensively studied [3-13] and 
are found involved in assisting the folding of other proteins 
both in vivo and in vitro [14-17]. Each monomer  of GroES 
has a nominal  molecular weight of 10 kDa [2], and the GroES 
is normal ly found in an oligomeric configuration of seven 
subunits [2,13]. A l though no specific functions have been iden- 
tified with the GroES heptamer alone, it has been firmly es- 
tablished with both electron microscopy (EM) and biochem- 
ical methods that, in the presence of ATP or ADP, the GroES 
heptamer can form a stable complex with the GroEL  tetra- 
decamer [5,8,18-20]. Upon the binding of GroES,  the rate of 
ATP  hydrolysis of GroEL  is strongly affected [4,6,7,9,12,21], 
but the mechanism has not been well understood [14-17]. 
However, it is convincingly demonstrated that the folding of 
non-nat ive state proteins by GroEL  requires the participation 
of GroES and ATP under 'non-permissive' conditions, under 
which spontaneous folding could not occur [9,21,22]. There- 
fore, GroES plays a critical role in the folding process in vivo. 
A l though the structure of the GroEL  tetradecamer has been 
solved to 2.8 ,4, resolution [23], the structure of GroES has 
only been elucidated by EM with negatively stained specimens 
[2,18]. Even with two-dimensional crystals, the GroES hepta- 
mer was only resolved as a ring of 7-8 nm, and the individual 
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E. coli GroES and GroEL were obtained from Sigma Chemicals 
(St. Louis, MO), which were purified from overexpression in E. eoli. 
The purity of both GroES and GroEL was better than 95% (SDS- 
PAGE). The lyophilized powder was reconstituted to 0.25 mg/ml for 
GroES (25 mM Tris, 75 mM KC1, 0.5 mM DTT and 1.25% trehalose, 
pH 7.5) and 1 mg/ml for GroEL (50 mM Tris, 150 mM KC1, 10 mM 
MgC12, 1 mM DTT and 2.5% trehalose, pH 7.5) with deionized water. 
All chemicals used were reagent grade, and 18 Mr2 deionized water 
was used to prepare the solutions. For structural studies, 10 gl of 
GroES solution was either directly applied to a freshly cleaved mica 
surface, or injected into a solution (~ 200 gl) of 1% ammonium o- 
lybate and 0.2% PEG1450 at pH 6.0 covering a mica surface. After 
incubation at room temperature for 5 30 rain, the specimen was 
washed for several times with deionized water to remove the excess 
GroES. A uniform coverage of the mica surface was normally 
achieved at this point with both methods. To further stabilize the 
specimen for high resolution AFM imaging, the specimen was fixed 
with 2% glutaraldehyde for 30 s. To avoid any possible structural 
alteration or damage, the specimen was never dried. For the study 
of GroEL binding, GroES was first allowed to adsorb to a mica sur- 
face with the above methods. After the specimen was examined with 
the AFM, the excess GroES was removed with extensive washing. 
GroEL (~0.3 lag) was then injected into the solution (~200 gl, 10 
mM MgCI2, 2.5 mM AMP-PNP, 10 mM KCI and 10 mM Tris at pH 
8.0) covering the specimen surface. After incubation at room tempera- 
ture for 30 min, the excess GroEL was washed off with the same 
buffer, and the specimen was subsequently fixed with 2% glutaralde- 
hyde. According to the published results [8,18 20,27], the binding 
occupancy should be nearly 100% under these conditions, which 
was confirmed by EM in our laboratory as well (data not shown). 
All AFM images were obtained with a NanoScope II AFM (Digital 
Instruments, Santa Barbara, CA) in a home made fluid cell with the 
contact mode at room temperature. Commercial cantilevers with 
oxide sharpened tips and a nominal spring constant of 0.06 N/m 
(Digital Instruments, Santa Barbara, CA) were directly used without 
further processing. The typical scanning speed was 5-14 Hz and the 
probe force was maintained below 0.5 nN. The piezo scanner was 
calibrated with a grid of known dimensions. All images shown are 
the original data without processing. 
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Fig. 1. AFM images of GroES oligomers adsorbed on mica surface and subsequently fixed with glutaraldehyde. These images were obtained in 
deionized water, and the adsorbed GroES was fairly stable that repeated scans at sub-nN probe forces did not cause observable structural 
changes or damages. These results can be reproducibly obtained following the procedure discussed in the text. (a) In this image, each GroES 
heptamer is clearly resolved without any image processing. The specimen is closely packed, but without apparent long range order. The seven- 
fold symmetry is seen more profoundly at the center of the heptamer, with a small central depression. The height of these molecules, measured 
from the edge of several aggregation patches, is 3.0 + 0.3 nm, The overall diameter is 8.4_+ 0.4 nm. The central 'pore' has a nominal diameter 
of 1.1 +0.3 nm, surrounded with a 0.8_+0.2 nm high and 4.5_+0.4 nm diameter protrusion. It can be seen that the protrusion is formed with 
seven 'domains' of 1.7x0.8x0.8 nm, encompassing a volume of 1100 ,~3 This volume corresponds to a mol.wt, of 460 Da, if 2.4 ,~3 is used 
per Da. The less than 10 ,~ width of these domains directly measured from the original image suggests that the resolution is quite high. How- 
ever, since the specimen was chemically fixed, the extent of structural alteration has not been assessed to this resolution with other methods, 
due to the limited surface resolution achievable with other techniques. A comparison with that of X-ray diffraction will help to establish this 
limit. If indeed these are the true surface corrugations, the AFM will be an effective method for structural studies at a resolution higher than 
that of EM for similar specimens. At 10 A resolution, useful surface features regarding to the function of many macromolecules may be re- 
vealed. (b) A surface plot at a smaller scale. In this image, each GroES is clearly shown as a somewhat domed surface with a small 'crown' at 
the center. (c) 16 representative individual GroES oligomers. All scale bars--1 0 nm. 
3. Results and discussion 
Incubat ion at room temperature, GroES was found to ad- 
sorb to the freshly cleaved mica surface strongly, and after 
these molecules were adsorbed, they could not be washed off 
with deionized water. However, it was more difficult to 
achieve a uni form coverage on the mica surface, which would 
be required for high resolution AFM [26]. As we found, in 
addit ion to the incubat ion time and buffer conditions, the 
concentrat ion of GroES also had profound effect on the sur- 
face coverage. With these experiments, a concentrat ion of 10 
100 gg/ml was found most appropriate. However, imaging the 
adsorbed GroES in the buffers or deionized water with AFM 
only achieved a fairly low resolution, even with perfectly uni- 
form, closely packed samples. In these AFM images, indivi- 
dual GroES oligomers could be resolved, but the individual 
subunits were not discernible, indicating a resolution in the 
range of 4-5 nm. When the adsorbed GroES was briefly fixed 
with glutaraldehyde, the resolution of the AFM images was 
significantly improved. With a good quality AFM tip, not 
only could the seven-fold symmetry be resolved without image 
processing, but surface features beyond the subunits also be- 
came discernible. A typical AFM image of GroES heptamer is 
shown in Fig. la. It should be emphasized that the image 
shown is the original data without any additional processing. 
It is seen that the specimen was nearly closely packed, but no 
long range order was found, indicating that two-dimensional 
crystals were not formed under these conditions. A l though the 
resolution in AFM is not well defined and is strongly depen- 
dent on the nature of the specimen [26,28], the smallest sur- 
face features resolvable in these images suggest a spatial re- 
solution of 10 A or better. For  example, the end of the 'spike' 
near the central channel has a width of 8-10 ,~, representing 
one of the highest resolution AFM images achieved so far 
[28-30], which is significantly higher than that achieved with 
EM of two-dimensional crystals [18]. Based on these images, 
the GroES heptamer can be described as having a dome sur- 
face with a central protrusion (crown), which can be better 
appreciated in a surface plot (see Fig. lb). Measurements 
show that the GroES has an outer diameter of 8.4 + 0.4 nm, 
with a central protrusion (crown) of 0.8 + 0.2 nm high. It is 
seen that this central protrusion is formed from seven elon- 
gated domains with a maximum diameter of 4.5 + 0.4 nm, and 
a central depression of 1.1 +0.3 nm, perhaps representing a 
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Fig. 2. The AFM was also used to determine whether GroEL could bind to the adsorbed GroES in the presence of 2.5 mM AMP-PNP and 
10 mM MgC12. (a) A uniform coverage of GroES is seen in this image. The size of each GroES is about 8-9 nm, consistent with other mea- 
surements. With direct adsorption, only the side with the protrusion was found facing up when the specimens were fixed after adsorption. (b) 
After incubation with GroEL in AMP-PNP and Mg 2+ for 30 min with GroES already adsorbed to a mica surface without fixation, no substan- 
tial GroEL binding was found, even though in solution, most GroES was bound with GroEL under these conditions after an incubation as 
short as 15 min, as shown by EM. Some GroES was lost due to the repeated washing with various buffers. Fixation was performed after 
GroEL incubation. (c) If the same amount of GroEL was allowed to adsorb to a mica surface without pre-adsorption of GroES under these 
conditions, a uniform coverage was formed within 30 min. In this image, most GroEL was found in the up-right orientation. The central chan- 
nel of the GroEL is about 4.5 nm with an outer diameter of 13-14 nm, essentially the same as that from X-ray diffraction. This image is 
clearly different from that of GroES with or without fixation. These results seem to suggest hat the side of GroES with the central protrusion 
(crown) is not the side that binds to GroEL, although the effect of the substrate below GroES is uncertain. However, this interpretation would 
be consistent with the structure deduced from EM, where the concave side of GroES was found facing the lumen of GroEL. Scale bars = 50 
nm. 
channel. The domains forming the protrusion were estimated 
with the dimensions of 1 .7x0.8x0.8  nm. I f  2.4 ,~3 is used as 
the volume required per unit mol.wt., this volume represents a 
mol.wt, of 460 Da, a very respectable min imum detectable 
mass for non-crystall ine specimens. 16 representative indivi- 
dual GroES oligomers are collected in Fig. lc to show struc- 
tural details. A close examination of these images suggests 
that lateral distort ion is more than apparent,  perhaps due to 
the dragging effect of a scanning tip, a l though true structural 
heterogeneity for such specimens is also possible because the 
molecules were not packed into a crystal. Such distort ion 
makes it difficult to apply the method of image averaging, 
well developed for low contrast EM images. Moreover, the 
excellent signal-to-noise ratio in the AFM images rendered 
addit ional processing unnecessary. F rom this point of view, 
a 2D crystal may be more amenable to such treatment [28]. 
It was also interesting that all AFM images so far obtained 
with this approach showed essentially the same surface struc- 
ture, suggesting that GroES was adsorbed with a preferential 
orientation, unless one is willing to consider that the two sides 
of the GroES have identical surface structures down to 10 ,~ 
scale. To image the other side, we have experimented with 
different buffer condit ions and chemical additives, and so far 
failed to have the GroES adsorbed in the other orientation. 
Based on this structure, it is tempting to speculate that the 
side of GroES with a central protrusion would be the side that 
binds to GroEL  and the protrusion could fit into the opening 
of the GroEL  channel, because the diameter of the GroEL  
channel is also about 4.5 nm [23]. However, prel iminary ex- 
periments eem to suggest otherwise. When GroEL  in 2.5 mM 
AMP-PNP and 10 mM MgC12 at pH 8.0 was incubated with 
GroES (before fixation) already adsorbed to a mica surface, 
no GroEL  binding was found after incubat ion for 30 min at 
room temperature. The results are shown in Fig. 2. Adsorbed 
GroES was clearly resolved in Fig. 2a, forming a uni form 
coverage of the mica surface. The lateral dimension of the 
adsorbed molecules was consistent with that from the fixed 
samples (Fig. 1 a). In Fig. 2b, we show the same specimen after 
incubation with GroEL  which was subsequently fixed with 
glutaraldehyde after the excess GroEL  was washed away 
with a buffer containing AMP-PNP and Mg 2+. No GroEL  
was found on the surface and the GroES was still well re- 
solved, a l though some of the GroES appeared lost due to the 
repeated exchange of buffers. This is in sharp contrast with 
Fig. 2c, where the same amount  of GroEL  was directly incu- 
bated with a mica surface without the pre-adsorbed GroES. 
In this image, the GroEL  was resolved with a diameter of 
13.2+0.8 nm and a clear central pore. Even the subunits 
were somewhat discernible, indicating that if there had been 
any GroEL  binding with the adsorbed GroES, they should be 
resolvable. Since with EM, most GroES were found bound 
with GroEL  under these conditions in solution, this result 
seems to suggest that the side of GroES with the central 
protrusion (crown) is not the side containing the high binding 
sites with GroEL.  However, we cannot entirely rule out the 
possibility that the substrate had some inhibit ing effect on the 
binding of GroEL.  We may also point out that this interpre- 
tat ion appears consistent with the structure found by EM. In 
0.8  
. . . . .  -'l 
-~ j GroEL  ( ? ) 
Fig. 3. Combining the observation from EM that the side of GroES 
facing the lumen of GroEL was concave and the result from AFM 
that the surface with a crowned dome did not bind GroEL, a sur- 
face model of GroES can be described. All relevant dimensions are 
included (in nm). The central channel is speculative, and the indi- 
cated GroEL binding side needs to be confirmed with other meth- 
ods. 
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most EM images of GroES/GroEL complexes, the GroES 
appeared to be a domed cap at the end of GroEL, indicating 
that the surface of GroES facing the GroEL lumen is concave 
[8,17,19]. Therefore, the observed GroES surface with the 
AFM should be the surface facing away from the GroEL. If 
the structure of GroES remains the same when dissociated 
from GroEL, a surface model of GroES can be proposed 
based on these results which is summarized in Fig. 3. In this 
model, the central channel is only speculative, and the surface 
contour of the GroEL binding side is inferred from EM re- 
sults. 
In summary, we have presented the surface structure of 
GroES with details down to about 10 A level, the highest 
resolution so far published with GroES. The resolution of 
the central protrusion (crown) in the GroES heptamer was 
not quite expected for the AFM,  and intriguing in view of 
the small size of each monomer. However, the final confirma- 
tion of these fine surface structures must await the availability 
of the X-ray structure [31]. Only when compared with the X- 
ray model, can we assess the effect of chemical fixation and 
compression, and determine to what extent the surface struc- 
ture is faithfully reproduced by the AFM.  If these structural 
details are validated, the AFM will be a quite generally ap- 
plicable method for structural determination at high resolu- 
tion when crosslinkers, not necessarily glutaraldehyde, are in- 
troduced. Such high surface resolution may be sufficient for 
the identification of specific features in determining the orien- 
tation of certain macromolecules in a complex or on a mem- 
brane surface. We also demonstrated that the AFM can be a 
useful method for studying the interaction of other macromo- 
lecules to those adsorbed to the surface in situ, although the 
effect of the substrate in such studies needs further evaluation. 
With this method, it is suggested that the high affinity binding 
sites for GroEL appear to be on the concave side of GroES, a 
conclusion that needs to be confirmed by GroEL/GroES co- 
crystals. 
4. Note added in proof 
After this manuscript was submitted, the crystal structure of 
GroES oligomer was published [32]. Preliminary examination 
indicates that the surface structure by AFM is nearly identical 
to that of the X-ray model in both dimensions and morphol- 
ogy. 
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